The Upper Jurassic carbonates and Lower Cretaceous sandstones are main reservoir rocks in the Amu Darya Basin （Klett et al., 2006） . Currently no study has been conducted to model Jurassic-Cretaceous petroleum system in the Afghan portion of the Amu Darya Basin. Therefore, this study is one of the first attempts to model Jurassic-Cretaceous petroleum system. It could greatly contribute to understand the geohistory and hydrocarbon potential of Jurassic-Cretaceous petroleum system in the northern Afghanistan. This study could also play important role to assess the hydrocarbon potential in dif ferent par ts of the Amu Dar ya Basin and identify new hydrocarbon fields. Fig. 1 shows the modeled hydrocarbon fields and the pseudo wells located along cross section II` in the Amu Darya Basin, northern Afghanistan.
Geological overview and hydrocarbon
occurrence of the Amu Darya Basin, northern Afghanistan
Geological setting and generalized stratigraphy
The Amu Dar ya Basin is a desert and semi-desert area located in the southeast Turkmenistan, southwest Uzbekistan, northwest Afghanistan and a small part of Iran （Ulmishek, 2004） . The Amu Dar ya and Afghan-Tajik basins have experienced a large number of tectonic events. The rocks in these basins record the tectonic movements of the Tethys region. These basins are characterized with complicated pre-Jurassic tectonic histor y. In the Early Jurassic to the begging of the Middle Jurassic extension took place in these basins. During Late Jurassic to Early Cretaceous, marine transgression happened because of the formation of island arcs, passive margins and post-rift sags. The movement of micro continents in the Neotethys Ocean occur red throughout Late Cretaceous to Early Paleogene. In Cenozoic period compression occurred due to closing of the Neotethys Ocean and collision of continents and micro continents （Klett et al., 2006） .
The Amu Darya and Afghan-Tajik Basins belonged to the same sedimentary basin until Miocene, and they have similar pre-Neogene geological histor y （Ulmishek, 2004; Klett et al., 2006; Liu et al., 2012 and Sabawon et al., 2016） . Due to movement and collision of the Indian and Eurasian Plates in Neogene period, the southern part of the basin was uplifted. In the northern part, the tectonic movement separated the basin into the Amu Darya and Afghan- Tajik 
1D basin modeling

Methodology
Geological, geochemical and hydrocarbon production data related to petroleum fields in the Afghan part of the Amu Darya Basin were collected during a research trip to northern Afghanistan in 2016. Afghan Gas Enterprise and Northern Directorate of the Hydrocarbon Unit in Sheberghan province were visited. The data was collected from various geological and well reports, maps and field notes.
One-dimensional basin modeling software, BSS-Python version 1-9-2, was used to construct 1D basin models. The software provides information about the quantity and timing of hydrocarbons generated and expelled from source rocks. Although it simplifies the geological and geochemical processes, the results obtained are applied in the primar y stage of a basin assessment followed by detailed exploration activities （Nakayama, 1987） .
The software subdivides the assigned thickness of the sedimentary formations into cells with equal time intervals. Geological and geochemical parameters such as lithology, thermal conductivity, total organic carbon （TOC） and kerogen type are assigned to each of the cells. Burial and thermal histories are then reconstructed by forward modeling of calculating depth, pressure, temperature, porosity, permeability, vitrinite reflectance, hydrocarbon generation and expulsion for each cell, at each time step. The generation of hydrocarbon is calculated based on the chemical kinetic reaction models （Tissot and Welte, 1984） . Generated hydrocarbon is assumed to be expelled from the source rocks as separate oil and gas phases, following the multi-phase Darcyʼs law （Nakayama, 1987） .
Data set
Stratigraphy of the sedimentary layers penetrated by the modeled wells was obtained from actual wells data compiled by Ivanov et al. （1978） . The detailed stratigraphic divisions of each well were combined and simpler stratigraphic columns were created. The thickness of the sedimentar y layers in the pseudo wells was estimated based on the cross section II` （Fig. 2） . V shale value for each stratigraphic unit was estimated depending on the generalized stratigraphic chart of hydrocarbon fields in the northern Afghanistan （Table 1） and cross section II` （Fig. 2） . Geological age and thickness of the stratigraphic layers in the modeled hydrocarbon fields are shown in the Table 2 .
The age and thickness of the sedimentar y layers in the pseudo wells are tabulated in the Table 3. A total of 46 pressure, 42 temperature and 59 porosity data points were used for calibrating the models in the modeled hydrocarbon fields.
Calibration of burial and thermal histories
Measured pressure, temperature and porosity data at actual wells were utilized to calibrate some of the modeling parameters while constr ucting burial histor y models. Geological cross section and porosity data were used to estimate the amount of deposition and erosion. Pressure profile was calibrated using pressure data measured at different depths in the actual wells. Heat flow was calibrated using sur face and downhole measured temperatures at different depths. Enough evidence about the geothermal histor y of the area was not available, therefore the heat flow was assumed to be constant all through the geological age in the modeled locations. Present and paleo surface temperatures of 15°C were assumed for this study. Table 4 lists a summary of the calibrated heat flow and the amount of estimated erosion at the modeled well locations. The results of calibration at the Angot and Khwaja Gogerdak hydrocarbon fields are illustrated in Figs. 3 -5 , showing porosity, pressure and temperature profiles and a geohistory diagram. As shown in those figures, there are some degree of uncertainty in determining those parameters. Impact of the uncertainty on hydrocarbon generation and expulsion is discussed in the following section.
3.4 Timing and amount of generation/expulsion at pseudo-wells Based on the calibrated heat flow and amount of erosion at actual wells, those at pseudo well-1 to 3 locations were estimated as shown in Table 4 , which can affect the maturity of source rocks. The geohistory diagrams of the three pseudo wells are shown in Fig. 6. Figs. 7 -9 show hydrocarbon generation and expulsion charts of the source rocks in the pseudo wells.
The burial history diagrams of the pseudo wells （Fig. 6） show that the Baysun source rocks at the northwest syncline （pseudo well-1） and southeast syncline （pseudo well-3） are currently located at maximum burial depth. While, it suggests that the Baysun source rocks at the pseudo well-2 were located at maximum burial depth 30 million years ago. Table 5 summarizes the current and maximum calculated depth of the Baysun source rocks in the pseudo wells.
Due to the presence of thick Baysun source rock layer （1543 m） with heterogeneous lithology at pseudo well-1, the layer was subdivided into Baysun1, Baysun2 and Baysun3. Marine type-II kerogen was assigned for the Baysun source rocks in the modeled wells except Baysun1 and Baysun2 at pseudo well-1. According to geological information, the lower part of the Baysun source rocks contains coal layer. Therefore, kerogen type-III and a combination of kerogen type-II and type-III were assigned for the Baysun1 and Baysun2 source rocks at pseudo well-1, respectively. These observations suggest that the Baysun source rocks at the northwest syncline （pseudo well-1） secure higher degree of maturity in relation to the Baysun source rocks in the other two synclines （pseudo well-2 and pseudo well-3） . The cumulative amount of oil and gas expulsion from the Baysun source rocks at northwest syncline was estimated to be 19 MMbbl/km 2 and 243 BCF/km 2 , correspondingly （Table 6 and 7） . The expulsion of oil and gas at this syncline （pseudo well-1） started 150 Ma （Late Jurassic） which continued until 21 Ma （Early Miocene） and present time, respectively. The source rocks at pseudo well-2 with the lowest maturity expel the smallest volume of hydrocarbons among the three synclines （Table 6 and 7） . The cumulative amount of oil expulsion from the Baysun source rocks at pseudo well-2 was estimated to be 16 MMbbl/km 2 started 69 Ma （Late Cretaceous） and continued till 35 Ma （Late Eocene） .
The cumulative amount of gas expulsion from the Baysun source rocks at this syncline was estimated to be 7 BCF/ km 2 occurred during 56 Ma （Late Paleocene） to 34 Ma （Late
Eocene） .
The cumulative amount of oil and gas expelled from the Baysun source rocks in the southeast syncline （pseudo well-3） approximates 60 MMbbl/km 2 and 29 BCF/km 2 , respectively.
The expulsion of oil and gas started 84 Ma （Santonian stage of Late Cretaceous） and 81 Ma （Campanian stage of Late Cretaceous） respectively which continue till present-day. The cumulative volume and timing of hydrocarbon expulsion from the Baysun source rocks at the three pseudo wells are shown in Tables 6 and 7. 4. Discussion 4.1 Uncer tainty in input parameters and their sensitivity to the modeling results Sensitivity study was conducted to deal with the uncertainty in the input parameters. Low and high pressure and temperature gradients of the input data set were considered to assess their effects on the modeling results.
The study revealed that pressure change in the range of the input data affects the volume of cumulative hydrocarbon generation and expulsion. The ef fects of low and high pressure gradients on the generation and expulsion of hydrocarbon were compared at the pseudo well-1. The measured pressure data in the Khwaja Gogerdak gas field was used to calibrate the pressure gradient at the pseudo well-1 location （Fig. 10 and 11） .
It can be observed that pressure change has not affected the timing of hydrocarbon generation and expulsion. There are small variations in the cumulative generation and expulsion of oil. In contrast, the differences in the volume of gas cannot be neglected.
It was determined that the alteration of heat flow value has considerable impact on the volume and timing of hydrocarbon generation and expulsion. Measured temperature data in the Khwaja Gogerdak gas field was used to calibrate low and high temperature gradients （Fig. 12） . The heat flow values of 1.5 and 1.65 mcal/s.cm.°C （HFU） were used to assess the sensitivity of the modeling results to the variation of temperature at the pseudo well-1 （Fig. 13） .
It is illustrated that the effects of different heat flow units on the maturity of source rocks cannot be neglected. There are considerable variations in the volume and the timing of cumulative hydrocarbon generation and expulsion. The heat flow units in the modeled hydrocarbon fields were fairly consistent ranging from 1.5 to 1.7 HFU. Although the most likely heat flow values for the pseudo wells were selected from the nearby hydrocarbon fields, still uncertainty in heat flow determination have to be taken into consideration for constructing the reliable pseudo well models.
Temporal change in heat flow can also affect the timing of hydrocarbon generation and expulsion. The rifting of the study area during Jurassic period indicates higher heat flow in the past, which can accelerate the maturity of the source rocks and result in earlier generation and expulsion. It is however noted that the impact of higher paleo heat flow model on hydrocarbon generation and expulsion in later stages （i.e. Neogene time） is minimal because the heat flow value must decrease exponentially from Jurassic toward recent （McKenzie, 1978） .
Kitchen areas for existing hydrocarbon fields
In this section, the Jurassic-Cretaceous petroleum system of the Amu Dar ya Basin and kitchen areas for existing hydrocarbon fields is discussed.
The petroleum system events chart （Magoon and Dow, 1994） for the study area was prepared based on the results obtained from this modeling study （Fig. 14） . Petroleum source rocks, reservoir rocks, seals and overburden rocks are defined from the previous work （Ulmishek, 2004） . The timing of trap formation was estimated from the cross section II` （Fig. 2） . Thickness of the Jurassic-Cretaceous reservoirs and overlying Paleogene formations does not change at anticlines where the existing fields are located, indicating those anticlines were formed after the deposition of the Paleogene formation, i.e. from Neogene （Miocene） onward. It is consistent with the understanding of regional tectonic setting of the area.
The timing of hydrocarbon expulsion was determined The modeling results show that the maturity of source rocks varies at different parts of the Afghan side of the Amu Darya Basin. The geohistory diagrams of the pseudo wells （Fig. 6） show that the Baysun1 source rocks at pseudo well-1 is overmature which is currently located at the depth of 5920 to 5360 meters. The middle and upper part of the source rocks （Baysun2 and Baysun3） at pseudo well-1 are currently located at the depth of 5360 to 4360 meters. These are highly mature source rocks being in gas and late oil windows. The events chart （Fig. 14） shows that the expulsion of gas still continues from the northwest syncline （pseudo well-1） . The presence of type III kerogen in this syncline enhanced the generation and expulsion of gas （Fig. 7） . On the other hand, the expulsion of oil has stopped in the early Miocene which is the timing of trap formation in the Amu Dar ya Basin. Considering these results and the presence of gas fields around the northwest syncline, it is highly likely that it is the source of the neighboring gas fields.
The Baysun source rocks at pseudo well-2 are in late oil generation window which are currently located at the depth of 2480 to 2380 meters. The source rocks at this syncline have uplifted in Paleogene time before trap formation （Miocene） . In addition, the expulsion of hydrocarbons from the source rocks at this syncline has stopped before Miocene, therefore the expelled hydrocarbons may not be accumulated.
The Baysun source rocks are at peak to late oil generation window at the southeast syncline （pseudo well-3） . These source rocks are now located at the depth of 3058 to 2500 meters. Considering the modeling results and the presence of the Angot oil field in the vicinity of this syncline, it is highly possible that the Angot oil has been charged from this syncline.
Conclusions
One-dimensional basin modeling was conducted to reconstruct the burial and thermal histories, and simulate hydrocarbon generation and expulsion in the Afghan side of the Amu Darya Basin.
The major finding of this study is that the maturity of the Lower and Middle Jurassic source rocks varies in different parts of the basin. At the northwest syncline （pseudo well-1） , the source has reached the gas window in Cretaceous, and has expelled gas since then. The area is therefore most likely the kitchen for the neighboring gas fields. On the other hand, the source in the southeastern syncline （pseudo well-3） is now at peak to late oil window, and is expelling oil. The oil of the Angot oil field must be charged from this syncline. The source in the middle part （pseudo well-2） is also in its late oil window. The difference from pseudo well-3 is that the source rock has undergone uplifting since Paleogene, indicating hydrocarbon expulsion has ceased before trap formation. 
